We consider a warped five-dimensional model with an ultraviolet (UV) brane and, on top of the Standard Model isolated modes, continua of KK modes with different mass gaps for all particles: gauge bosons, fermions, graviton, radion and Higgs boson. The model can be considered as a modelization in five dimensions of gapped unparticles. The five dimensional metric has a singularity, at a finite (infinite) value of the proper (conformal) coordinate, which is admissible as it supports finite temperature in the form of a black hole horizon. An infrared (IR) brane, with particular jumping conditions, is introduced to trigger correct electroweak breaking. The gravitational metric is AdS 5 near the UV brane, to solve the hierarchy problem with a fundamental Planck scale, and linear, in conformal coordinates, near the IR, as in the linear dilaton and five-dimensional clockwork models. The branes, and singularity, distances are fixed,à la Goldberger-Wise, by a bulk scalar field with brane potentials explicitly breaking the conformal symmetry. The bosonic continuum of KK modes with the smallest mass gap are those of gauge bosons, and so they are the most likely produced at the LHC. Mass gaps of the continuum of KK fermions do depend on their localization in the extra dimension. We have computed the spectral functions, and arbitrary Green's functions, and shown how they can modify some Standard Model processes.
Introduction
The Standard Model (SM) of electroweak (EW) and strong interactions has been put on solid grounds by past and current experimental data, collected at e.g. the Large Hadron Collider (LHC) or the Large Electron Positron (LEP) collider [1, 2] . However, based on experimental information (as e.g. the existence of dark matter), and theoretical input (as e.g. the sensitivity of the EW scale to ultraviolet (UV) physics, a.k.a. the hierarchy problem), we believe that the SM is not the ultimate fundamental theory but, instead, it is an effective theory which works at scales below a few TeV. In order to cope with the hierarchy problem, extensions of the SM have been proposed where the above sensitivity cancels, the most popular ones being supersymmetry and theories with a warped extra dimension [3] , the latter being conjectured to be dual (the AdS/CFT conjecture) to conformal four dimensional (4D) theories, with composite Higgs boson and heavy fermions, as well as towers of composite resonances.
In this paper we are mainly concerned for theories which solve the hierarchy problem by means of a warped extra dimension and offer, as stated above, a very interesting dual interpretation. However the elusiveness of (isolated and narrow) heavy resonances at the LHC [4, 5] has led people to imagine different solutions to the hierarchy problem that could possibly escape present detection. One possible alternative approach is the clockwork models [6] , or better their five-dimensional (5D) continuum limit [7] , the linear dilaton models [8] , dual to Little String theories (LST) [9] , which predict an (almost) continuum spectrum with a TeV mass gap and a mass separation between modes ∼ 30 GeV. In these models the "fundamental" scales, i.e. the 5D Planck scale M as well as the curvature of the 5D space k, are at the TeV, while the 4D Planck scale, M P , which is obtained after warping, is not fundamental. In these theories the weakness of gravity and the hierarchy problem are related to the smallness of the string coupling in LST.
Here we will pursue a more conventional approach and propose a model where the 4D Planck scale is the fundamental one, and the TeV scale is obtained by the warp factor from the UV to the IR brane. The spectrum of particles has a TeV mass gap followed by a continuum of states. This is achieved by the bulk dynamics of a stabilizing scalar field which back reacts on the 5D gravitational metric and generates a singularity at a finite distance in proper coordinates from the UV brane. The singularity is admissible in the sense of Ref. [10] , since it satisfies the condition for a bulk geometry to support finite temperature in the form of a black hole horizon, as was proven in Ref. [11] . The bulk dynamics of the scalar field generates a 5D metric of the so-called softwall type. In this class of models, as the 5D metric goes to zero at the singularity, the Higgs profile has a maximum away from the IR, where the Kaluza-Klein (KK) modes are localized, which suppresses their contribution to EW observables [12] [13] [14] [15] [16] [17] [18] [19] , a phenomenon which was already observed in Ref. [18] , where this class of models were dubbed non-custodial models. This mechanism provides an alternative to the so-called custodial models where the bulk gauge symmetry is enlarged, to encompass custodial symmetry, to SU (2) L ⊗ SU (2) R ⊗ U (1) B−L , which is broken to SU (2) L ⊗ U (1) Y at the UV brane but conserved at the IR brane [20] , or even custodial models where the symmetry in the bulk is an enlarged group G [21] , and where the Higgs is identified with the fifth component of the 5D gauge field (dubbed gauge-Higgs unification, or composite, Higgs models) and where EW symmetry breaking proceeds dynamically. A linear dilaton 5D composite Higgs model with continuum spectrum has been recently analyzed in Ref. [22] .
In this paper we will present the critical case of non-custodial models where the spectrum is continuum with a gap at the TeV scale 1 , and the hierarchy problem is solved by a stabilizing scalar fieldà la Goldberger-Wise [23] . The back reaction of the scalar field on the metric generates a linear dilaton only in the IR region, while in the UV the behavior is AdS 5 , which allows to solve conventionally the hierarchy problem. Moreover, this permits a holographic interpretation of the model and connections with unparticles [24, 25] in the presence of a mass gap. The model is defined in the finite interval of the extra dimension between the UV brane and the singularity. On top of that we introduce an IR brane (the EW breaking brane) with the sole purpose of triggering EW symmetry breaking. The model has to be imposed boundary conditions on the UV brane, jump conditions on the IR brane and regularity conditions at the singularity.
The outline of the paper is as follows. We introduce in Sec. 2 the general formalism for the 5D action, and the gravitational background which will be used in the rest of the paper. In particular our metric and dilaton behave linearly in conformal coordinates in the deep IR while their behavior is AdS 5 near the UV. The stabilization mechanism of the model,à la Goldberger-Wise, is described in Sec. 3. The Higgs sector of the theory, and the electroweak symmetry breaking, are then studied in Sec. 4, where we also confront the model predictions with electroweak precision tests. We study in Sec. 5 the spectral functions and the holographic (UV-brane-to-UV-brane) Green's functions of the continuum spectra of the KK modes for all particles: gauge bosons, fermions, graviton, radion and Higgs boson. We analyze in Sec. 6 the general and, in particular, the brane-to-brane Green's functions, and study how they modify the LHC phenomenology. Finally we conclude with a discussion of our results, and an outlook toward future directions in Sec. 7.
The localized terms impose the following constraints in the UV (α = 0) and IR (α = 1) branes,
where φ α = φ(y α ) and y ± α = y α ± . As mentioned above, we will assume Z 2 symmetry across the UV brane, and one finds the following boundary conditions in the UV brane
while Eq. (2.8) for the IR brane corresponds to the jumping conditions 10) where ∆X(y 1 ) ≡ X(y
is the function jump. For concreteness we consider for the brane potentials the form
in the stiff limit where γ α → ∞, which fixes the brane minima at φ α = v α . Then, the UV boundary conditions (2.9) read
2 From here on the prime symbol ( ) will stand for the derivative of a function with respect to its argument, and the dot symbol (
. ) derivative only with respect to the conformal coordinate z related to y by dy = e −A dz.
Regarding the IR brane, a way to have matching conditions compatible with the EoM is by assuming λ 1 (v 1 ) = λ 1 (v 1 ) = 0, i.e. a brane potential of the form 13) which implies that A (y) and φ (y) are continuous functions at y = y 1 , cf. Eq. (2.10) 3 . Let us now consider the following ansatz for the superpotential 14) where the parameter ν has mass dimension −3/2. Then, using Eq. (2.7), it follows that the scalar potential is
The EoM (2.6) can be solved analytically with this ansatz, and the solution reads
where we have chosen A(0) = 0. There is a singularity at y = y s , while near the UV boundary y y s the geometry is AdS 5 , A(y) ky. It is useful to define the metric also in conformally flat coordinates defined by 17) where dz = e A(y) dy. One can easily find, for ν > 0, that 19) where z 0 = 1/k corresponds to the location of the UV brane, and Γ[a, x] is the upper incomplete gamma function. As we will see below, ρ is a scale of the order of TeV, so 3 A non-vanishing value for λ 1 (v 1 ) would lead to a jump ∆A (y 1 ), and this would also demand a jump in the superpotential, ∆W (φ 1 ) (by Eq. (2.6)). But then W (φ 1 ) would be divergent, and consequently the jump ∆φ (y 1 ) would also be divergent. On the other hand, if one assumed a nonvanishing value for λ 1 (v 1 ), and consequently a finite jump ∆φ (y 1 ), this would also induce a jump ∆W (φ 1 ). In the following we will use analytical (and continuous) expressions for the superpotential, so that we will not address this possibility.
that it is the relevant mass scale for the 4D spectrum, and it is responsible for the mass gap in the spectrum.
Let us now discuss the behavior of the background solution, in the deep IR close to the singularity, i.e. y y s . Then, the asymptotic behavior of z(y) is
The second term in the right-hand side is zero (divergent) in the limit y → y s for ν > κ/ √ 3 (ν < κ/ √ 3), and this means in the former case the existence of a singularity at some finite value of the conformal coordinate, i.e. z s < ∞.
In the critical case ν = κ/ √ 3 the asymptotic behavior is
where c 0 = ρz 0 − γ E − Γ(0, ky s ) −γ E , with γ E being the Euler's constant. In this case the domain of the conformal coordinate is z 0 ≤ z < +∞. Moreover, the scalar field profile behaves in this case as 22) and the warp factor of the metric
In this way, both φ and A behave linearly in terms of the conformal coordinate in the IR region. As we will see in the next section, this is the only case that allows for the existence of a continuum KK spectrum. Notice that ii this case, ν = κ/ √ 3, it is convenient to define 
Brane and singularity stabilization
We have assumed brane potentials λ α (φ) fixing the dilaton on the branes to specific values φ α = v α . This fixing can stabilize the brane UV/IR distance, by the GoldbergerWise mechanism, and fix the position of the singularity according to the solution of the hierarchy problem. We will do it in the critical case where ν = κ/ √ 3 for which where ρ is the spectrum mass gap, as we will see, and seek for solutions with y 1 < y s . As the Higgs vacuum expectation value will be fixed at the IR brane, as we will see in Sec. 4, we need to define the scaleρ
of the order of the TeV, so that we have to fix A(y 1 ) ≡ A 1 35 to solve the hierarchy problem.
Moreover, as both ρ andρ should be of the order of the TeV, we can impose the condition thatρ = cρ (3.3)
with c = O(1) constant. Then using the explicit expressions of A(y) and ρ (cf. Eq. (3.1)), this condition leads to
where W(x) is the Lambert function 4 , so that y 1 is located before the singularity.
Using this result, the values of the scalar field and warp factor in the IR brane turn out to be
while in the UV brane they are
The solution of y s from the second equation of (3.5) leads to 0.6 0. 
and then one can express y 1 and v 0 also in the form
The values of κv 0 and κv 1 are plotted in the left panel of Fig. 2 
The Higgs sector
We have previously introduced the IR brane, stabilized at a distance y = y 1 , with the only purpose of triggering electroweak symmetry breaking. In the simplest theory where the Higgs is a 5D bulk doublet
with an action given by
is the 5D Higgs potential, electroweak breaking is triggered by the brane potentials defined as
Here the mass dimension of the Higgs field is 3/2 and that of γ is −2. The background Higgs field is then determined from the EoM [14, 31] 
with the boundary conditions on the UV brane 5) and the jump conditions on the IR brane
As we want to have a Higgs profile h(y) ∝ e aky , we can simply define a bulk Higgs potential with where c 1 and c 2 are integration constants, to be determined from boundary and jump conditions. We will consider the solution (4.7) in two regions: region A (0 < y ≤ y 1 ), and region B (y 1 < y < y s ), with four integration constants: c
We will impose on region A the boundary and jump conditions, Eqs. (4.5) and (4.6), corresponding to the UV and IR branes, respectively. In particular the boundary condition on the UV brane imposes the condition c
, and the solution in region A is written as
where the function F (y), as defined by F (y) = ke 4A(y)−2aky , can be obtained analytically as
where Γ[n, x] is the upper incomplete gamma function, and stands for the real part.
The approximate values of F (y) at y = 0 and y = y 1 are, respectively,
As pointed out in Ref. [14] , to keep the exponential solution without the need of the fine-tuning M 0 = ak, we must require the function F (y) to be small. Since F is a monotonically increasing function of y, it will be enough to guarantee that F (y 1 ) 1. The structure of the function F implies that a necessary condition is that a > 2. Contour lines of F (y 1 ) are shown in the left panel of Fig. 3 
(dashed lines).
Finally we have to impose the IR jump and continuity conditions
as well as the regularity condition at y = y s in region B, which fixes c 
by which the continuity of h (y 1 ) follows.
As for the profile of the zero mode of the Higgs excitation,h(y), for m H = 0 it satisfies the same equation as the background, so thath(y) h(y). This approximation also holds for a light Higgs, so that in particular it should be a good approximation for the physical Higgs mass m H = 125 GeV, as was shown in detail in Ref. [14] . Of course, as we will see in Sec. 5, for momenta p > 3ρ/2 there is a continuum of states, as for the other fields in the model. The next step is to impose correct electroweak symmetry breaking by using the expression, for v = 246 GeV [14] ,
After using our metric A(y), as well as the equations obtained in this section, one can get the expression for the dimensionless parameter
Moreover, by constructing the effective 4D theory, and using the IR Higgs brane potential, one can get the expression for the Higgs mass, as was done in Ref. [14] . The result for the SM Higgs potential
where 16) and therefore the Higgs mass
from where we can see that the "natural" value of m 2 H would be ρ 2 , which triggers a little naturalness problem, as usually ρ m H . Therefore we have to tune the mass M 1 to small values, and this provides a measure of the size of the "unnaturalness" in this class of theories. Contour lines of the parameter M 1 /k are shown in the right panel of Fig. 3 , in the plane (a, ρ) for c = 1/4. We can see that the tuning is typically O(10%) for ρ 3 TeV. Clearly the tuning is tougher for larger values of the parameter c, as it grows as c 4 . We can now compute the S and T parameters along the lines of Ref. [14] . The experimental bounds on the S and T parameters are given by [2] 
where r is the correlation. The results can be obtained analytically, although the expressions are rather cumbersome. The result is plotted in the left panel of Fig. 3 where the solid lines correspond to 1, 2 and 3 σ. We have used c = 1, but the figure does not change appreciably when considering other values of c in the interval 1/4 < c < 2.
Holographic Green's functions
We will discuss in this section the holographic spectral functions, and UV-brane-to-UV-brane Green's functions, for the case of continuum spectra of KK modes. We will analyze separately the cases of KK gauge bosons, fermions, graviton, radion and the Higgs boson.
Massless gauge bosons
In the case of massless gauge bosons A µ (i.e. the SM photon and gluon) the Lagrangian is
, the EoM of the fluctuations is given by [13] 
where we have replaced the eigenvalue m 2 by p 2 . In conformal coordinates, and after rescaling the field by f A (z) → e A(z)/2 f A (z), we obtain the Schrödinger like form for the equation of motion
where the potential is
An equivalent expression for the potential, in terms of the superpotential W [φ], is
This expression is valid for any W [φ]. Close to the singularity, the potential behaves as
This behavior can be easily understood from the property that, in this limit,
Then, we find the existence of a mass gap of the potential.
To compute the spectral density and Green's function we will use the holographic method. After Fourier transforming the coordinates x µ into momenta p µ , we define
where f A (p, z) satisfies Eq. (5.3) and the 4D wave function a
where we have considered the gauge fixing term
Using now the EoMs into the Lagrangian, we can write the holographic Lagrangian as
where
If we fix the boundary condition at the UV brane as
where a 0 µ is the source coupled to the CFT vector operator J A µ , the holographic Lagrangian turns out to be (we have normalized the metric as A(z 0 ) = 0)
The two-point function is now the inverse of the bilinear operator in (5.11) as
where the 4D Green's function 13) and the spectral density σ A is then obtained as 
with ∆ =
The computation of the retarded Green's function demands the use of "IR regular" solutions for Euclidean AdS, i.e. the solution with c + = 0. This corresponds to outgoing wave boundary conditions after analytical continuation [32] . We have solved numerically Eq. (5.3) by using the IR boundary condition mentioned above. As scale invariance is explicitly broken by the scale ρ, we have looked for a rescaling of the Green's function G A which makes it scale invariant (i.e. invariant with respect to variation of the parameter ρ). The required rescaled Green's function
is shown in Fig. 4 , where we plot, in the left panel, the corresponding scale invariant spectral function,
and, in the right panel, the squared scale invariant Green's function |G A (z 0
Notice that the scaling behaviors of the Green's function G A , Eq. (5.16), and its spectral density σ A , Eq. (5.17), are different from each other. This situation can happen when the imaginary part of the Green's function is much smaller than its real part, in which case the absolute value of the Green's function is dominated by the real part, which then provides its global scaling. We will find this kind of behaviors for the Green's function and its spectral density for other fields in this paper.
In this way the correlator of the CFT field J A µ is given by 18) and the comparison with the correlator in a pure CFT [33] of a vector J A µ with anomalous dimension d, 
Massive gauge bosons
In the case of massive gauge bosons A µ (i.e. the SM W µ and Z µ ) there is an extra term in the 5D Lagrangian, Eq. (5.1), as [14] 
As lim z→∞ ∆V A (z) = 0, the mass gap is the same as that of the massless case, i.e. m g = ρ/2. The computation of the holographic spectral and Green's functions follows the same lines as in Sec. 5.1. In particular the spectral function shows a continuum for momenta p ≥ m g and a Dirac delta function for p = m A , which corresponds to a stable resonance at the order we are computing 8 . This pole behavior should also show up in the Green's function G A (z 0 , z 0 ; p), which translates into a zero in the inverse Green's function. In the left panel of Fig. 5 the inverse Green's function, as a function of p, is shown for several values of m A = (0, m W , m Z ), and where we have fixed ρ = 2 TeV. We can see that the zeroes of the inverse Green's functions appear at p = m A . In the case of some extra heavy gauge boson, e.g. an extra Z or W , with a mass m A > m g the isolated resonance appears in the sea of the continuum. We have shown this hypothetical case in the right panel of Fig. 5 where we have fixed ρ = 2 TeV and m A = 1.5 TeV. As we can see the resonance gets a non-zero width and looks like a Breit-Wigner resonance. This phenomenon can be interpreted at this level as representing the propagator of the isolated resonance getting an imaginary part, and therefore the particle becoming unstable against decays into the lighter continuum KK resonances. This phenomenon was already studied in the case of unparticles in Ref. [34] with similar conclusions. 
Fermions
In the case of fermions ψ = (ψ L , ψ R ) T , after rescaling the fields as
where M ψ is a bulk mass of the fermions which in general will depend on y, in terms of which the equations of motion read as [16] 
where we define the chiral fermions as ψ L,R = 1 2
(1 ∓ γ 5 )ψ and γ 5 = diag(−1, 1). Using twice the equation in both versions, for left and right handed fields, we obtain the Schrödinger like form for the equations of motion (replacing m 2 by
where we are using conformal coordinates z, and the potential V L,R (z) is given by
We will make the choice M ψ (z) = c ψ κ 2 6
W (φ(z)) where = −1 holds for 5D fermions with left-handed zero modes, while = +1 for 5D fermions with right-handed zero modes, and c ψ is an arbitrary constant. Then, this potential can be written as
Finally, it follows that the potentials have a mass gap, and its value is given by
To compute the Green's function and spectral density we will again use holographic methods. We will define 
After using the EoM, the bulk action reduces to a pure boundary term on the UV brane [35] , which yields the holographic Lagrangian
We now fix the boundary condition on the UV brane by fixing one of the component spinors, e.g. the left handed one, to be the spinor ψ 
The two-point function is now given by the inverse of the quadratic term in Eq. (5.34) as
where the 4D Green's function G L is given by 36) and the spectral density is obtained as
The same analysis can be done for the right-handed spinor fixed on the UV brane to the spinor ψ 0 R , which couples to a left-handed CFT operator
R . This corresponds to a different CFT, and the result is Similarly to the procedure followed for gauge bosons in Sec. 5.1, we have looked for the appropriate rescalings of the Green's functions G L,R which make them scale
where the plus (minus) sign corresponds to G L (G R ). The scale invariant spectral function ρ L(R) for a left-handed (right-handed) fermion For the case c ψ > 1/2 we find that the scale invariant Green's function and spectral density are given by We can see this behavior for the Green's functions in the lower panels of Fig. 6 where we plot the case c ψ = 0.57 (dashed lines). In the holographic interpretation, the dimension of the CFT operator for c ψ > 1/2 is then d L,R = 2 ∓ c 0 . For the case of = −1 we are considering here, the 5D fermion has a left-handed massless zero mode with dimension d L = 3/2 pointing out toward the existence of an elementary fermion.
The graviton
The graviton is a transverse traceless fluctuation of the metric of the form
where h µ µ = ∂ µ h µν = 0. We will use the ansatz h µν (x, y) = h µν (x)h(y). The Lagrangian is given by
from where the EoM can be written as
In conformal coordinates, cf. Eq. (2.17), and after rescaling the field by h(z) → e 3A(z)/2 h(z), the equation of motion for the fluctuation can be written in the Schrödinger like form [11] as
where the potential is given by
Using the EoM of the background, this potential can be expressed in the form
This potential has a mass gap, and its value is given by
The spectral density and Green's function are obtained by again using holographic methods. In momentum space the graviton field is decomposed as
where h (4) µν (x) is a 4D graviton field whose components satisfy the Klein-Gordon equation (2 + p 2 )h µν . By replacing the bulk EoMs we obtain the holographic Lagrangian
After fixing the boundary conditions at the UV brane in terms of the source field h 0 µν (p),
coupled to the CFT operator O µν , the holographic Lagrangian reads as
from where the Green's function and spectral density are given by A plot of the spectral function ρ h = kσ h is shown in the left panel of Fig. 7 . The scale invariant Green's function
is shown in the right panel of Fig. 7 . The required rescaling, translates into the behavior
which is τ h ≈ 2.1 for A 1 = 35 and c = 1. In the IR region the Green's function shows an isolated massless pole corresponding to the graviton mode, as can be seen from the right panel of Fig. 7 .
The radion
The radion field ξ(x, y) is defined as the metric perturbation φ(x, y) = φ(y) + δφ and
with N = 1 + δN , N µ = ∂ µ ψ and g µν = e −2A−2 ξ η µν . Here we will consider the unitary gauge δφ = 0 and follow the approach of Ref. [36] 9 . After using the equations of motion, δN and N µ can be obtained in terms of ξ(x, y) and its derivatives. Then using the background solution one can cast the action as
where β = −κφ /A , leading to the EoM
In conformal coordinates and after redefining ξ → e (3/2)A ξ/β, one can cast the EoM in a Schrödinger-like form, as
where the potential
goes to 9ρ 2 /4 in the limit z → ∞. The spectral density can again be obtained by using holographic methods. After replacing the EoM into the action one obtains the holographic Lagrangian in momentum space as
where we have decomposed ξ(p, z) = f (p, z)R (4) (p) with the 4D scalar field R (4) satisfying the free field equation. After fixing the UV condition
one can write
Then the Green's function for the radion reads as
and the spectral density is given by The results for the scale independent spectral density ρ ξ ,
and Green's function for the radion are plotted in the left and right panels, respectively, of Fig. 8 . In particular, the scale independence leads to
which translates into the behavior G ξ ∼ τ ξ /p 2 , for p ρ, where
(1 + ky s )e
2kys
(1 + ky s + (−1 + ky s )e 2kys ) 2 3
which is τ ξ 0.71 for A 1 = 35 and c = 1.
The Higgs boson
The action for the physical Higgs boson H(x, y) ≡ h(y) + H(x, y) is given by Eq. 
and Green's functions
are plotted in the left and right panels of Fig. 9 . The latter in particular implies for the Green's function a constant behavior away from the pole position. In particular the value of the Green's functions for p > m H is
, where F (y) is defined in Eq. (4.9). After performing an expansion for ky s 1, one finds 
Moreover, for p m H , the Green's function shows a pole behavior as
which corresponds to the presence of the isolated resonance corresponding to the presence of the SM Higgs. This pole is shown in the right panel of Fig. 9 where we have fixed ρ = 2 TeV, and we have considered ky 1 = ky s − W(c). In fact an excellent agreement with the full numerical behavior of the Green's function is given by
where the coefficient c 1 = G H (z 0 , z 0 ; p → ∞) is determined analytically from Eq. (5.84), and 
Phenomenological aspects
The main experimental signature for detecting heavy new physics is its production, and subsequent decay, in colliders, and in particular in the present LHC at CERN. When the new physics consists in heavy Breit-Wigner resonances, their presence is detected by bumps in the invariant mass of the final states, corresponding to the mass of the exchanged particle. However, when the new physics consists in a continuum of states beyond a mass gap m g , as in the model we are considering in this paper, its presence should be associated, not with a bump but with an excess, with respect to the Standard Model prediction, in the measured cross section. The larger the mass gap, the higher energy should one produce to detect the excess in the predicted cross sections. In this way the continuum states with the least mass gap are the most easily produced. As we have shown in the previous section, the different mass gaps for the different fields are those summarized in Tab. 1. From there we can see that, as for light fermions c f > 1/2 and so their mass gap is m g > ρ/2, the simplest case for producing the continuum Field Gauge boson Fermion f Graviton Radion Higgs m g ρ/2 |c f |ρ 3ρ/2 3ρ/2 3ρ/2 of KK modes are gauge bosons and, in particular the strongest coupled KK modes, the KK gluons, for which we will concentrate ourselves in this section. In Drell-Yan (DY) processes the continuum of KK gluons is produced by pairs of light fermions (valence quarks in the proton), which we can assume to be localized on the UV brane at z = z 0 . Subsequently, the continuum will decay into a pair of fermions. The more localized toward the IR brane the fermions are, the more strongly they are coupled to KK modes, and the more copiously they are produced. To study the different processes we must compute the gluon Green's function propagating between two arbitrary points in the bulk G A (z, z ; p).
Up to now we have presented the computation of Green's functions G A (z 0 , z 0 ; p), and spectral densities, by using the holographic method. There is an alternative procedure to compute these quantities, by obtaining the UV-brane-to-UV-brane Green's functions G A (p) from the general Green's function G A (z, z ; p) in the form
where G A (z, z ; p) is the "IR regular" solution to the inhomogeneous bulk EoM. Moreover the general formalism will allow us to compute the case of arbitrary, z and z , and in particular the interesting case where the Green's function propagates from the UV to the IR brane, i.e. when z = z 0 and z = z 1 . In the case of gauge bosons, the general equation writes as
where the dot indicates derivative with respect to z, which is the inhomogeneous version of Eq. (5.2) 10 . This equation includes the generalization to the continuous spectrum of the Green's function, which for the case of a discrete spectrum with mass m n for the 10 One could equivalently work in proper coordinates. Eq. (6.2) would write as
where the prime indicates derivative with respect to the variable y, and we have taken into account that δ(y − y ) = e A δ(z − z ).
n-th mode f n A , is well-known to be given by
where {f n A (z)} is a basis of orthonormal modes. The Green's function is subject to boundary and matching conditions. In particular, after fixing the value of z , we divide the z space into the following domains: z 0 ≤ z ≤ z , z ≤ z ≤ z 1 and z 1 ≤ z, and consider the following conditions for the different values of z:
. agrees with the plot in the right panel of Fig. 4 . For the case z = z 0 and z = z 1 the scale invariant spectral function
and Green's function
are given in the left and right panels of Fig. 10 , respectively. In particular the Green's function G A (z 0 , z 1 ; p 2 ) can be used to compute the contribution of the gauge continuum to the physical partonic process with partonic energy √ŝ :
where g * is the contribution from the gluon continuum, g (0) is the SM gluon and we have made use of the relation between the 5D and 4D gauge couplings g 5 = g 4 √ y s . We are assuming that q is a proton valence quark, living on the UV brane, and Q is either a heavy quark living on the IR brane (as e.g. t R ) or a light quark living on the UV brane (as e.g. b L,R ). In the right panel of Fig. 11 we show the case where Q = t R , where we assume that t R is living on the IR brane. As fermions localized on the IR brane are strongly coupled to the KK modes, the relative cross-section, with respect to the SM one, increases with the partonic energy and can yield a sizeable departure from the SM prediction for large values of the partonic energy. We see from the right panel of Fig. 11 that the enhancement can be O(10) for √ŝ O(10)ρ. In the left panel of Fig. 11 we show the case where Q is a light quark localized toward the UV brane. We see that the enhancement with respect to the SM prediction is O(1) for any partonic energy and thus much more difficult to detect experimentally. Notice also that in the limit p → 0 the processes are dominated by the gluon zero mode (an isolated pole on top of the gluon continuum) which makes, in this limit, σ(qq → g * → QQ)/σ SM (qq → g 0 → QQ) → 1, as can be seen from Figs. 11. Finally we will consider here the case of IR-brane-to-IR-brane spectral and Green's functions σ A (z 1 , z 1 ; p) and G A (z 1 , z 1 ; p). This case is relevant in processes where both the initial and final fermions are localized on the IR brane. This is the case for instance in models explaining the R D ( * ) anomalies, where right-handed third generation fermions are localized on the IR brane [38] . The relevant Green's function can contribute significantly to the process σ(b RbR → g * → t RtR ), which is parton distribution function (PDF) suppressed, with respect to σ(qq → g * → t RtR ), by the small amount of bottoms inside the proton, but enhanced, with respect to the latter, by the large coupling of the bottom to the KK modes, while the SM contribution σ SM (b RbR → g (0) → t RtR ) is suppressed. The scale invariant spectral function
is shown in the left panel of Fig. 12 , while the scale invariant Green's function, (ŝ/ρ 2 )G A (z 1 , z 1 ; p), where G A (z 1 , z 1 ; p) ≡ W(k/ρ)(ρ 2 /k)G A (z 1 , z 1 ; p) (6.9) which measures the ratio σ(b RbR → g * → t RtR )/σ SM (b RbR → g (0) → t RtR ) is shown in the right panel of Fig. 12 . As we can see, the enhancement of the production through the gluon continuum can easily be O(100 − 1000), and so for large collider energies it can be significant and lead, in spite of the strong PDF suppression, to a strong deviation with respect to the SM predictions. Notice also that σ(b RbR → g * → t RtR )/σ SM (b RbR → g (0) → t RtR ) → 1 in the limit p → 0, as the process is dominated by the isolated zero mode of the gluon.
Conclusions
In this paper we have proposed a model with a warped extra dimension solving the hierarchy problem, and where the KK spectra of all particles (gauge bosons, fermions, graviton, radion, Higgs boson) are continua of states with a mass gap. In this sense it provides a modelization of the theory of unparticles in the presence of a mass gap at the TeV scale. The existence of such continua should modify the present searches of new physics, which are mainly concentrated on the presence of bumps in the invariant mass of final states, corresponding to isolated (and narrow) resonances. We have shown that the model predicts the existence of a metric singularity at a finite distance in proper coordinates y = y s (which corresponds in conformal coordinates to z s → ∞). The singularity is admissible as it supports finite temperature in the form of a black hole horizon. The space has as boundaries a UV brane and the singularity. Moreover, we have introduced an IR brane to successfully trigger electroweak breaking, and which requires special jump conditions. The distance between branes and the singularity are fixed by the dynamics of a bulk Goldberger-Wise field with brane potentials breaking the conformal invariance.
The gravitational background is AdS 5 near the UV brane (which allows to solve the hierarchy problemà la Randall-Sundrum) and has strong breaking of conformality near the IR. In this way it behaves like the linear dilaton theory near the IR while it departs from it near the UV, where it behaves as the RS theory. This requirement is proved to be essential to solve the hierarchy problem in the conventional fashion, where the Planck scale is fundamental and the TeV scale is derived from it by the metric warp factor. Here we depart from the 5D version of clockwork theories, based on Little String Theories, where the TeV scale is fundamental and the Planck scale is a derived one. As a consequence of the existence of two very different regimes, in the UV and IR regions, the equations of motion and Green's functions, which are computed in this paper, cannot be solved analytically, as was done in the model of Ref. [22] , but all calculations have to be done numerically. In particular we have computed UV-braneto-UV-brane Green's and spectral functions using holographic methods, and arbitrary Green's function by solving the non-homogeneous equations of motion.
As a particular phenomenological application we have computed the brane-to-brane Green's function and seen how they can modify, at the LHC, the SM cross-section where a gluon is produced by Drell-Yan process and decays into a pair of heavy fermions Q localized on the IR brane. The prediction is a smooth increase of the cross-section which depends on the partonic energy, and should produce an increase in the cross section σ(pp → QQ). Other, more detailed, phenomenological applications should be inspired to a large extent on unparticle phenomenology and we will postpone its study for a future work.
